Due to the premature debonding of fiber-reinforced polymer (FRP) materials which results in a reduction in 14 ductility, the problem of how to exploit moment redistribution (MR) in FRP-strengthened continuous 15 reinforced concrete (RC) structures is still unresolved. To date, limited research has been conducted into MR 16 in such structures, so that a reliable and rigorous solution for quantifying MR throughout the loading cycle 17 remains elusive. This paper aims to quantify MR and predict the capacity at reasonable accuracy, to encourage 18 the use of FRP for the strengthening of existing continuous RC structures. Experiments conducted on twelve 19 continuous T-beams are reported, and the findings are discussed. Strengthening configuration and anchorage 20 scheme are the main variables. A new analytical strategy is described for quantifying MR, and the analytical 21 results are then validated against the experimental results. Both experimental and analytical results confirm 22 that there is no reason to restrict MR into strengthened zones. More importantly, MR out of FRP-strengthened 23 zones can indeed occur, provided that the FRP is sufficiently anchored, and reliable exploitation of this is now 24 possible. 25 Keywords: 45 conservatively ignored or restricted by design codes and guides worldwide (e.g. ACI 440.2R, 2008; TR55, 46 2012). This potentially compromises the safety of such strengthened structures under extreme loads since 47 Page 3 of 30
Introduction 29
To avoid the need for replacement or demolition of existing reinforced concrete (RC) structures, they are 30 routinely strengthened using various materials and techniques. Research in the literature (Meier et al., 1993;  31 Teng et al., 2001; ACI440-2, 2008) has demonstrated the effectiveness of fiber reinforced polymer (FRP) 32 materials in extending the lifetime of existing RC structures. FRP strengthening of concrete members is known 33 to be a rapid and cost-effective method of strengthening. Thus, FRP is currently used widely for the retrofit of 34 RC structures.
35
Although FRP can considerably improve the strength capacity of an existing RC structure, previous research 36 (Duthinh and Starnes, 2004; Oehlers, 2006; Yost et al., 2007) has shown that the ductility of RC structures can 37 be reduced after strengthening. The two main reasons for this problem are the elastic nature of FRP which 38 reduces overall curvature ductility of the original member, and the premature and brittle debonding of the FRP 39 from the concrete surface which prevents the ultimate strength of the FRP from being achieved. As a result, 40 the reduction in ductility is considered to affect substantially the degree of moment redistribution which can 41 take place following the FRP strengthening of an existing continuous RC flexural member.
42
The required level of ductility for moment redistribution (MR) is unclear in FRP-strengthened continuous RC 43 members, and there is a lack of sufficient research to demonstrate a precise level of ductility reduction after 44 adding FRP. Therefore, the exploitation of MR in the design of FRP strengthening systems has been implication of the lower-bound theorem of plasticity can no longer be relied on for redistribution of load paths.
48
In addition, it should be noted that if MR is ignored in an FRP-strengthened RC member which was originally 49 designed assuming MR, the strengthened member must be necessarily analyzed using elastic equations.
50
Consequently, great quantities of FRP must be added to the member because the fully-elastic situation must 51 now be considered even for the original situation. Therefore, there is a pressing need to investigate fully how 52 MR might be understood and exploited in the strengthening of continuous RC structures.
Moment redistribution (MR) 81
The implication of MR in statically indeterminate structures has been described in the literature ( section of the structure reaches its moment capacity, the section will rotate at a constant bending moment, 85 forming a plastic hinge provided that the section has sufficient ductility. As shown in Fig. 1 , an idealized 86 elastic-plastic relationship between curvature and bending moment is assumed in an unstrengthened ductile 87 section, in which Mcr is the bending moment at first cracking, Mu is the ultimate moment capacity, φy is the 88 curvature at steel yielding, φu is the ultimate curvature, and EI is the uncracked flexural stiffness. Now, as the 89 applied load is further increased, the critical point (plastic hinge location) will redistribute the extra bending 90 moment to other parts of the structure to accommodate the increase in loading.
92
The redistribution of bending moment continues, and plastic hinges are formed successively in the structure, 93 until a failure mechanism is formed and the structure collapses. Through this process, the structure withstands 94 extra applied loads after yielding of the first section until the structure collapses ultimately. In the case of 95 sufficient ductility, the initial elastic bending moment diagram can be significantly different from the final 96 redistributed bending moment diagram at ultimate failure. Therefore, the ratio of the negative bending moment 97 to positive bending moment does not remain constant. As described by El-Refaie et al. (2003) , the amount of 98 MR is calculated at each applied load increment (up to failure) using the following equation: in such members, but the reality is that more MR can be achieved.
Since the positive and negative bending moments were so different over the loading cycle due to the specific 146 loading arrangement adopted, MR was only possible in one direction (i.e. from the positive zone to the negative 147 zone). Therefore, as the positive zone was only strengthened with the EB technique, it would not be possible 169 Table 1 summarizes specifications of the specimens in the two groups. Different strengthening configurations 170 were adopted for the experiments to assess the degree of bending moment which could be redistributed into 171 and out of the strengthened zones. One specimen was used as the control specimen in each group (i.e. T1 and 172 U1 Table 1 . Also, properties of the steel reinforcements used 201 are listed in Table 2 for the four different sizes of 3 mm, 6 mm, 8 mm and 12 mm. The CFRP material used for strengthening of the beams was a precured unidirectional plate of 1.4 mm thick × 205 50 mm wide. In addition, a precured carbon tape of cross-sectional area of 2 mm × 16 mm was adopted to 206 strengthen the beams using the NSM method. The CFRP sheet used for the U-wraps was high-strength, 207 unidirectional of 0.16 mm nominal thickness. The carbon sheet was applied to the beams by the wet-layup 208 method, and impregnated in place using a two-part epoxy resin (Sikadur-330). The CFRP plate and tape were 209 installed using a two-part epoxy structural adhesive (Sikadur-30). Average mechanical properties of the FRP 210 materials measured through conducting unidirectional tensile testing on three samples, and of the epoxy resins 211 provided by manufacturers, are listed in Table 3. 212 In all strengthened beams, FRP debonding occurred prior to any other form of failure, and signaled in every 231 case the peak capacity. The tension reinforcement in the positive zone yielded prior to FRP debonding in all 232 cases. As described in 
202

262
As shown in Table 4 , FRP strengthening of RC structures improves the load capacity of the structure provided 263 that the FRP does not debond prematurely at a low strain. The effectiveness of strengthening was higher when 264 the FRP was added to the positive zone. This was due to the loading arrangement adopted. The failure load
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increase ratio (λ) shows that the increase in load capacity could be from 67% to 111% when the positive zone 266 was strengthened. As shown later in Figs. 10 and 11, ductility of the beams became higher when the negative 267 zone only was strengthened. Table 4 . The hypothetical elastic bending moment at failure (Melas) was 295 calculated using elastic analysis, assuming no MR occurred and that the ultimate loading condition led to an 296 entirely elastic distribution of bending moment.
297
The unstrengthened beams in both groups (T1 and U1) exhibited 34% and 32% MR at failure, respectively.
298
As shown in Table 4 
362
Anchoring the FRP plate increased the MR from 7% in beam T2 to 10% in beam T3. As shown in Fig. 15(c 
370
Although it is not significant in the elastic range, MR is initiated after first concrete cracking due to non-371 uniform stiffness along the length of the beam, and intensifies usually after steel yielding. Beam T4 exhibited 372 48% MR out of the positive zone which was more than that of the control beam. This demonstrated that adding 373 FRP can even improve the overall ductility of an RC member, provided that a suitable strengthening 374 configuration is adopted. It is predicted that the full capacity for MR in beam T4 would be 54% if the FRP 375 failed through rupture instead of debonding. MRs were 42% and 52% in beams U3 and U4 at failure, 376 respectively. This again indicates the influence of anchoring of the FRP on the level of MR. It is predicted by 377 the model that the full capacity for MR would be 64% in the two beams, which seems rather promising for an 378 FRP-strengthened RC beam.
379
As can be observed in Table 5, redistributed is strengthened, the degree of MR in this beam will be higher than that possible in the 408 original unstrengthened beam. This is because the zone from which MR initiates is unstrengthened 409 and ductile, while the strengthened zone has a higher strength compared with that before strengthening.
410
This allows more bending moment to be redistributed into this zone. This is valid even if the FRP 411 debonds at a low strain. 
